With a reasonably complete and up-to-date photochemical model of the stratosphere, we find that the calculated stratospheric ozone-column response to chlorine injections is highly nonlinear. The model calculations assume that the background inorganic (or odd) chlorine, C1X, is due to CH3CI and CC1, v Additional C1X is added to the stratosphere by varying input fluxes ofCC12F e and CC13F. The sensitivity, AO3/AClX , of the stratospheric 0 3 column to added C1X is relatively small forCIX •< 3 ppb orAC1X •< 2 ppb; slight ozone increases with CIX are possible over a limited range of CIX if the formation of chlorine nitrate proceeds rapidly. This may have important implications for total ozone-column trend assessment. As C1X increases beyond 3 ppb, the stratospheric O3 column decreases with C1X increasingly rapidly. This marked departure from the linearity calculated in past years is largely due to presently accepted faster rates of reaction of OH with HNO3, HNO,•, HOe, and HeO e. If stratospheric C1X increases to about 9 ppb due to continued usage of CCIeF e, CC13F, and CH3CC13, the stratospheric O 3 colttmn depletion is calculated to be 6.7-9.0%. Principal uncertainties in these calculations, including the rate of formation of chlorine nitrate, the products of its photolysis, and the present day mixing ratio of C1X are discussed. Calculated ozone decreases due to increased NeO concentrations are also presented.
INTRODUCTION
The identification of human activities that can affect globalscale atmospheric chemistry has led to an intensification of research aimed at understanding both the natural and perturbed systems. Man's potential impact on stratospheric ozone, on the entire stratospheric photochemical system, and indirectly on climate has been recognized to involve a rich variety of coupled chemical and physical phenomena. Accordingly, efforts to understand the future impact of continued usage of chlorofluoromethanes (CFM), CH3CC13, and of nitrous oxide have broadened in scope to consider the coupled effects of increasing atmospheric CO2 and CFM concentrations [Luther eta [Weiss, 1981] . Further, Logan et al. [1978] demonstrated the potential effects of combustion-produced gases on tropospheric 03 and OH and through these OH changes, the effects on stratospheric chlorine and ozone concentrations. The more speculative but plausible increases in tropospheric ozone due to commercial aircraft operations [Liu eta!., 1980; Derwent, 1982] would necessitate a still broader view of atmospheric ozone perturbations, especially from the point of view of trend assessment in ground-based total ozonecolumn measurements. Simultaneous variations in CFMs, N20, CH,•, and tropospheric NO0, were investigated by Wuebhies et al. [1983] .
Since 1974 when the CFM-O3 problem was identified by Molina and Rowland [ 1974] , there have been many attempts to calculate future changes in stratospheric 0 3. Although more emphasis has been placed on potential decreases in the total ozone column (both in one-and two-dimensional models) the potential redistribution of ozone (large decreases at high altitudes and small changes or increases at altitudes below 30 km) is also of great scientific interest and possibly important to climate [Crutzen, 1974; Ramanathan and Dickinson, 1979] ). During the 8-year period 1974-1982, the estimated sensitivity of total stratospheric ozone to CFM injections has varied [see, e.g., NAS/NRC, 1982] as model parameterizations and laboratory photochemistry and kinetics data improved. However, three features of the CFM-O 3 problem remained in updated calculations as originally estimated: (1) large O3 decreases were projected near 40 km altitude; (2) as CFMs were added to the atmosphere, the total 03 column diminished; and (3) an essentially linear response was observed between total 03 column and the amount of added CFM, or equivalently stratospheric odd chlorine, C1X. For a representative statement on the linearity of the response, see Miller et al. [ 1978] .
In this paper, we show that an updated photochemical model of the stratosphere now predicts a highly nonlinear response of total stratospheric ozone to C1X increments. It is shown further that a change in the sign of the response might occur, at least over a limited range of C1X increments. Before presenting these results in section 3 and discussing them in section 4, we describe essential features of the model in section 2. This paper is not subject to U.S. copyright. Published in 1983 by the American Geophysical Union.
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THE PRESENT MODEL
Despite its obvious meteorological shortcomings, the onedimensional eddy-diffusion/photochemical model of atmosvheric chemistry has been proven to be useful especially to 3647 These are H20 , H2, CH4, CO, N20 ,   CH3C1 , CC14, CFC13, CF2C12, 03, O, N(4S), NO, NO2, NO3,   N205, HNO3, HNO½, H, OH, HO2, H202, C1, C10, HC1,  C1ONO2, HOC1, CH3, CH30 , CH302, CH3OOH, and CH20. For O(•D), HCO, and C1OO photochemical equilibrium is assumed, i.e., no flux-divergence term is carried in the equations. In our time-dependent calculations, 23 species are calculated as per the appendix, and the first nine species of the 32 listed above are held fixed at specified self-consistent initial conditions.
In our steady state model, a proper 24-hour averaging is included according to the procedure of Turco Where no reference is shown, the critical review recommendations from NASA/JPL [1982] were adopted. Deviations from these standard rates and photodissociation products in certain of our calculations are noted in Table 4 . Table 5 lists the values of C1X and of the ozone column (above 10 km) for each calculated point within each model group for these three models and the 11 others characterized in Table 4. The nonlinearity of the calculated response of the stratospheric 03 column to added C1X is documented in Table 5 . The slope of the O3-C1X curve is listed in the right-hand column of Table 1) Standard rates and products of kinetic and photochemical reactions are shown in Tables 3 and 2' differences from standard choices are indicated here. Standard eddy-mixing coefficient is K2(z ) (see Table 1 The C1X mixing ratio ( Table 5 ), all of which models are characterized by lower (and presently unaccepted) reaction rates for OH (i.e., not the standard rates of Table 3 To see more clearly how the nonlinearities arise requires more detailed analysis. We have examined ozone production and loss processes at several key altitudes. A term-by-term analysis of ozone production and loss terms at 26 km appears in Table 6 for models B and M. Recall from Table 5 that Table 4 for distinguishing characteristics of these models. Table 6 is purely diagnostic because have presented new evidence that the principal products (over 55%) are CI and NO3 in chlorine nitrate photolysis. Let us look more closely at the effects of adding chlorine to the stratosphere by focusing on two models, one (B) that is nearly linear in its response of column ozone to C1X and model M which is highly nonlinear. Figures 3a and 3b show the calculated change in 03 versus altitude for these models for three different levels of CIX. The linear scale (i.e., AO3 in units of 10 TM cm -3) allows one to see that the calculated nonlinear response of the stratospheric ozone column arises from the increase of ozone that appears below about 26 km. Qualitatively, the sequence of events that occur as CIX is increased is clear. First, the decrease in 03 above 30 km allows more UV light to penetrate to altitudes below 30 km, Wavelengths below 240 nm dissociate O2, and the ozone production rates increase. Larger UV fluxes (2 < 310 nm) also lead to elevated levels of O(•D) and thus increased OH and the ratio of HCI/CIO decreases. Further, the higher concentrations of C10 (elevated both by increased CIX and by the OH effect) allow more CIONO 2 to form, thus sequestering more NO 2. Higher CIO also increases the ratio NO2/qNO through reaction No. 60. Many other chemical feedbacks also begin, e.g., CF2C12, N20 , etc., are photodissociated more rapidly. Also, as the shape of the 03 profile changes, vertical fluxes of 03 change. Accord- Table 4 . Model B (outdated kinetic data) gave a nearly linear response of total stratospheric 03 to added C1X while model M was highly nonlinear. Fluxes (10 xø cm -2 s -x, downward In model B (wherein 0 3 decreases at all altitudes as CIX increases; see Figures lb and 3a) Table 7 ) and 03 concentrations are decreased there (see Figures lb and 3a) . In our model M, 03 is decreased above 30 km as one adds C1X and 03 increases below there at first (see Figure 3b ) largely due to the behavior of the downward 03 flux ( Table 7) . As C1X increases further, the crossover altitude where AO3 = 0 moves downward. The downward movement of this crossover altitude is largely explained, at least in a one-dimensional ( ,-•,j model, by L,e sign of the change in the downward 03 flux (see Table 7 The possibility of small stratospheric ozone-column increases cannot be eliminated. Indeed our calculations (models L and M) found this kind of result for CIX < 3 or 4 ppb when the rate of formation, k7e , of C1ONO• (chlorine nitrate) was set equal to the faster of the two rates in NASA/JPL [1982] . With the slower rate for k72 , i.e., one-fourth the fast rate, no ozone increases were calculated nor were they when an intermediate rate (standard rate in Table 3 ) was assumed. Accordingly, it appears very important to (1) settle the issue of possible isomer formation in CIO + NO e + M--• products and to determine the rate of formation of C1ONOe at stratospheric pressures and temperatures, and (2) obtain quantitative measurements of stratospheric CIONOe. Many other photochemical processes, e.g., the products of HNO,• photodissociation need further investigations.
RESULTS OF MODEL CALCULATIONS
Our results do not depend on model assumptions such as chemical family groupings or on the exact choice of K(z), the eddy-diffusion coefficient. More rigorous calculations with models that embody stratospheric dynamical meteorology are clearly needed, however. Also, while it is well known that the efficiency of ozone destruction by chlorine atoms is an increasing function of altitude [Cicerone et al., 1974; Wuebbles, 1983] and that the stratosphere of the future will receive C1 atoms from an increasingly wide spectrum of chlorocarbons and chlorofluorocarbons, our present results will not be very sensitive to changes in this input-species spectrum. Further, our small adjustment to O e cross sections in the Herzberg continuum (see section 2) did not affect the nonlinear character of the 03 response to CIX. If present-day stratospheric C1X concentrations greatly exceed the commonly believed 2.5 ppb the total ozone response to added CIX could differ greatly from that shown in Figure 4 because of the strong dependence of AO3/ACIX on C1X shown in Figure 2 and Table 5 .
Finally, our calculated loss of total stratospheric 03 due to 50% increases in upward NeO fluxes from the troposphere are about 5% when background C1X is near presently assumed values (2.5 ppb) and near 3% if CIX grows to 5.3 ppb. Small nonlinearities were observed in the ozone response to increases in NeO levels. All symbols are the same as listed in Table 8 .
